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ABSTRACT
Extremely large elongated crystals, attributed to low nucleation rates and rapid
growth during fast cooling (Nabelek et al., 2010), are just one example of the intrigu-
ing and unusual disequilibrium features found in granitic pegmatites. Lithium isotope
ratios are no exception. Previous studies have shown pegmatites to have significantly
elevated δ7Li compared to normal crustal values and large variations across individual
pegmatite intrusions (Teng et al., 2006, Maloney et al., 2008). Variable and extreme
isotope fractionation has been linked to kinetics of crystallization, differential diffu-
sion of 6Li and 7Li, fractional crystallization, and interaction with fluids. Although a
number of isotopic studies of pegmatites exist at the outcrop scale, studies on single
crystals are rare. A study by Ludwig et al. (2011) showed a roughly homogenous
isotope profile in a tourmaline using secondary ion mass spectroscopy. If, however,
Li isotope ratios are in fact variable within individual crystals, the variability has
implications for crystallization processes in leucogranite and pegmatite dikes.
For this study, tourmaline crystals were collected from several texturally differ-
ent pegmatite localities in the large, Proterozoic leucogranite-pegmatite field in the
Black Hills, SD. Lithium concentrations and isotope ratios were measured at numer-
ous points along the lengths of individual tourmaline crystals. Slices of tourmalines,
cut perpendicular to the crystal’s long axis, were dissolved by an alkali fusion tech-
nique. Concentrations were determined at the University of Missouri using a Perkin-
Elmer Optima 3300 ICP-OES. Isotope measurements were performed at University
of Maryland-College Park using a Nu Plasma Multi-collector ICP-MS. Purification
followed the three-column cation exchange chromatography method (Moriguti and
viii
Nakamura, 1998). Mapping of major elements was performed on slices of one sample
using the JEOL JXA-8200 Superprobe at Washington University in St. Louis.
Results reveal extreme fractionation of Li isotopes within single tourmaline crys-
tals. All samples showed variability in lithium isotope ratios along the crystals long
axes. The δ7Li values measured are among the highest ever measured in rocks, though
the average for each crystal falls within previously measured δ7Li values of pegmatite
minerals. The highest δ7Li measured is 35.7hin one tourmaline slice, while the av-
erage for the crystal is 17.4h. There is a weak correlation between δ7Li and Li
concentration along the lengths of individual tourmalines; however, one tourmaline
showed no correlation. Though the tourmaline slices that are among the most en-
riched in Li also contain the highest δ7Li, the meaning of this relationship is unclear
as some slices with high Li concentrations have among the lowest measured δ7Li. A
large portion of fractionation is likely due to kinetic effects resulting from the 16%
mass difference between 7Li and 6Li. High Li concentrations may be due to fractional
crystallization.
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Chapter 1
Introduction
Lithium isotopes, 6Li and 7Li, are quickly becoming a valuable geochemical tool,
providing insight into a broad range of geologic processes, including those occurring
in the mantle (e.g. Aulbach and Rudnick, 2009), during planetary accretion around
stars (Ghezzi et al., 2009), and in the Earth’s crust (Lui and Rubdick, 2011). Yet,
several features of the Li isotope system remain to be resolved (Tomascak, 2004),
including how and to what extent Li isotopes fractionate in geologic systems.
Isotopes are an essential tool in the Earth sciences, with a wide range of uses. For
example, a relatively well-understood relationship is the temperature of seawater and
the mass-dependent fractionation of oxygen and hydrogen isotopes that occurs when
it evaporates. Though this system was described over sixty years ago (Epstein and
Mayeda, 1953), geochemists continue to explore the intricacies of isotopic fraction-
ation of hydrogen and oxygen. For example, Uchikawa and Zeebe (2010) modeled
the effect of pH on stable isotope fractionation. Understanding of more traditional
isotope systems, such as oxygen and hydrogen, is aided by a large dataset.
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The isotopic fractionation of less common light elements, such as Li, or of heavier
elements, such as Fe, in geologic materials is less well known, in part because high-
resolution measurements have only recently become possible. Granitic pegmatites,
which are the focus of this study, are of particular interest for an investigation into
lithium isotope systematics because they yield some of the most extreme lithium
isotope ratios in geologic systems (Maloney et al., 2008; Teng et al., 2006a,b). Granitic
pegmatites are somewhat unusual crustal rocks because they are thought to have
crystallized from very water-rich magmas (Jahns and Burnham, 1969; Nabelek et
al., 2010). The Li isotope ratios in pegmatites can ultimately inform us about the
processes that lead to formation and crystallization of these hydrous magmas.
2
Chapter 2
Background
2.1 Li isotopes
Lithium has two stable isotopes, 6Li and 7Li. The ratio of these two isotopes is usually
reported in δ7Li notation, where
δ7Li(h) =
(
7Li/6Lisample
7Li/6Listandard
− 1
)
∗ 1000 (2.1)
The standard, known as L-SVEC, is a synthetically produced lithium carbonate.
L-SVEC has a 6Li/7Li ratio of 0.083062 +/- 0.000054 (Flesch et al., 1973). Isotopic
studies of Li isotope fractionation were historically very difficult because mass frac-
tionation easily occurs during sample preparation (Tomascak, 1999). The modern
era of Li isotope analysis began in the 1980s with the use of thermal ionization mass
spectrometry (TIMS) (e.g. Chan, 1987). Precision has since been improved with the
availability of multi-collector inductively coupled plasma source mass spectrometers
3
(MC-ICP-MS; e.g. McDonough et al., 2001). An accuracy of better than 0.5hcan be
expected using an ICP-MS instrument (Tomascak, 2004). More recently, secondary
ion mass spectrometry (SIMS) has emerged as an additional method, though the
degree of uncertainty in measurements due to matrix effects is not yet clearly deter-
mined (Ludwig et al., 2011). Along with improvements in the measurement of Li
isotopes, understanding of their significance has shifted from viewing Li isotopes iso-
tope ratios in in igneous rocks as equilibrium features representative of their the rocks
source regions to a more complicated view that includes melt-fluid interaction and
kinetic fractionation (Marschall and Jiang, 2011). As summarized by Hoefs (2009),
the isotope composition of an igneous rock is determined by:
1. The isotope composition of the source region in which the magma was generated;
2. The temperature of magma generation and crystallization;
3. The mineralogy of the rock;
4. The evolutionary history of the magma, including processes of isotope exchange,
assimilation of country rocks, magma mixing, etc.
Hoefs second and fourth points present a problem for isotope studies of pegmatites,
since the petrogenesis of pegmatites is still debated.All these points are of particular
consideration in the petrogenesis of pegmatites Isotope studies of pegmatites are of
particular interest, however, because recent data point to extremely high Li isotope
ratios, including some of the highest lithium fractionations ever reported in rocks (e.g.
δ7Li of 22.9hin Maloney et al., 2008; 19.9hin Teng et al., 2006a,b), in comparison
with most igneous rocks which have δ7Li values within a few permil of 0 (Teng et al.,
2006a).
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Following the extreme fractionation observed by Maloney, et al. (2008) in bulk
tourmaline crystals in the pegmatites of San Diego County, California, this study
investigates internal Li isotope fractionations in tourmalines into the pegmatites of
the Black Hills, South Dakota. The Black Hills are an ideal locality for a Li isotope
study due to the abundance of texturally variable pegmatite sheets that contain Li
bearing minerals, such including as lepidolite, spoudumene, and the focus of this
study, tourmaline. To date, the Black Hills are one of the few localities where the Li
isotopic composition of granites, pegmatites, and the surrounding host rock has been
studied in detail (Teng et al., 2006ab).
For this study, tourmaline samples were collected from several texturally different
pegmatite localities in the Black Hills. Disequilibrium features such as textural zoning
and elongate crystals indicate rapid cooling of Black Hills pegmatites. Lithium con-
centrations and isotope ratios were measured along the lengths of tourmaline crystals
to discern how they change during crystallization of elongated crystals in a pegmatite
melt. The results of this study reveal the character of Li distribution and isotope frac-
tionation in rapidly grown crystals . Previous studies on intra-crystal Li isotope ratios
are extremely limited. One study of Cu-bearing elbaite tourmalines from Brazilian
granite pegmatites showed a roughly homogenous isotope profile in Cu-bearing el-
baite tourmaline using secondary ion mass spectroscopy (SIMS) analysis (Ludwig et
al. 2011). If, however, Li isotope ratios are in fact variable within individual crystals,
it has implications for models of pegmatite petrogenesis, as well as the cause(s) of Li
isotope fractionation in pegmatites.
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2.2 Pegmatites
Pegmatites are characterized by extremely large variations in crystal sizes that can
include several-meters long crystals. Yet, despite extreme variations in crystal size,
granitic pegmatites have essentially the same compositions as ordinary granites. The
mineralogy is dominantly feldspar, quartz, and mica, though pegmatites are often en-
riched in incompatible elements such as boron and lithium. The formation mechanism
of pegmatites has long been the subject of debate among researchers (e.g. Morgan
and London, 1999). Extrapolation of crystal sizes of normal extrusive and intrusive
igneous rocks would seem to imply that pegmatites must have formed by extremely
slow cooling of silicate melts. However, the existence of thin pegmatite sheets intrud-
ing cool host rock precludes this simple explanation for large crystal sizes (Webber
et al., 1999). A bulk of the studies on pegmatites have been largely devoted to de-
scriptions of their mineralogy because of pegmatites propensity for concentrating raw
materials and certain trace elements such as lithium, cesium, tantalum and beryllium,
that make pegmatites attractive targets for economic exploitation.
Early studies identified an igneous origin for pegmatites (de Beaumont, 1847). The
role of water and hydrothermal fluids has long been debated, however (e.g. Landes,
1933; Lindgren, 1937). The Jahns-Burnham model for the internal differentiation of
pegmatites presented them as the products of the separation of a melt and an aqueous
vapor phase (Jahns and Burnham, 1969). The model proposed that certain elements
(e.g. potassium) would be concentrated in the vapor phase and would travel more
rapidly in response to thermal gradients and asymmetry in composition and grain
size. Evidence for this theory can be found in complex pegmatites with miarolitic
cavities or pockets (e.g. Maloney et al., 2008) which could represent the last refuge for
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a fluid phase before it leaves the pegmatite by diffusion through the melt and enters
the host rock. The Jahns-Burnham model is inherently problematic, however, as it
requires slow cooling rates not supported by the existence of thin pegmatite sheets
that intruded cold rocks.
More recent studies support the idea that water is essential to producing features
common in pegmatites. By reducing the glass transition temperature and inhibiting
mineral nucleation water allows pegmatites to crystallize at temperatures significantly
below the granite solidus of ∼650 ℃ (Nabelek et al., 2010). This interpretation is
consistent with the emplacement of thin pegmatite magma sheets into cold rocks.
Additional fluxing components such as Li, B, F, and P help facilitate the melts under-
cooling by inhibiting crystal nucleation but encouraging rapid growth in undercooled
melts.
This study investigates Li concentrations and isotope ratios in tourmalines within
the pegmatites of the Black Hills, South Dakota to trace the pegmatite crystallization
processes and to test the hypothesis that lithium isotopes undergo not only extreme
(Maloney et al., 2008), but also variable fractionation during rapid crystallization of
undercooled granitic melt.
2.3 Geology of the Black Hills
The core of the Black Hills of South Dakota (Figure 2.1) is composed of the Pro-
terozoic (∼1715 Ma) Harney Peak Granite and its numerous associated pegmatites,
earlier Paleoproterozoic metasedimentary and metabasaltic rocks, as well as two late-
Archean metagranites (Redden et al., 1990). The Black Hills formed by uplift of the
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Precambrian basement during the late-Mesozoic to early-Tertiary Laramide orogeny.
The Precambrian core is flanked by Paleozoic and Mesozoic sedimentary rocks. Mul-
tiple tectonic events have been inferred for the early history of the Black Hills core:
north-directed thrusting at ∼1775 Ma, burial at ∼1750 Ma, faulting and uplift at
∼1730 Ma, and granite emplacement at ∼1710 Ma. The first two ages may represent
accretion of the Yavapai terrane from the south and collision of the Wyoming and
Superior provinces, respectively (Dahl et al., 2005a, 2005b). The emplacement of
leucogranites in the area, including the Harney Peak, was the direct result of meta-
morphism associated with the Wyoming-Superior collision (Nabelek et al., 1999).
The main Harney Peak granite (HPG) is approximately 84 km2 with an additional
20 km2 of exposure away from the main body. The pluton is composed of multiple
large, gently dipping sills, as well as thousands of 1-100 m wide dikes and sills that
are less laterally extensive (Duke et al., 1990). The HPG has a leucocratic compo-
sition, composed primarily of quartz, sodic plagioclase, microcline, muscovite, plus
either biotite or tourmaline. The biotite granite is lower δ18O (+11.5 ±0.6h) and is
most common in the main pluton. The tourmaline-bearing rocks have a higher δ18O
(+13.2 ±0.8 h) and are most common at the main plutons periphery and in small
satellite plutons (Nabelek et al., 1992). The geochemical variation may be explained
by variations in the source rock, interpreted to be compositionally variable pelitic
and graywacke sediments of Archean and Proterozoic ages (Nabelek and Bartlett,
1998). Fractional crystallization combined with partial melting has also been offered
as an explanation for the regional major and trace element variation in HPG com-
position (Shearer et al., 1992), however this cannot explain large isotopic variations
and enrichments recorded in associated pegmatites. Over 24,000 pegmatite exposures
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surround the HPG and cover an area of at least 711 km2 (Norton and Redden, 1990).
Most pegmatites are compositionally and texturally zoned. Simple pegmatites
typically occur as sills and dikes and are dominated by feldspars and quartz with
variable amounts of tourmaline, muscovite, and biotite. Complex pegmatites are
typically larger, tens of meters across, and are highly zoned and enriched in Li, Be,
Ta, Nb, Sn, and Cs (Norton and Redden, 1990).
2.4 Tourmaline background
Tourmaline serves as an excellent recorder of crystallization of granite melts because
its crystal structure allows substitution of most elements that dominate the compo-
sition of the upper continental crust (Henry et al., 2011) and because it has a large
pressure-temperature (P-T) stability range, from low-temperature hydrothermal sys-
tems to igneous melts (Marshall et al., 2009). The name tourmaline refers to a group
of minerals with a generalized chemical formula of XY3Z6[T6O18][BO3]3V3W. Tourma-
line is a cyclosilicate that belongs to the trigonal crystal system. Variations in compo-
sition and structure have been used in the past to study granite magma differentiation
(e.g., Jolliff et al., 1986; Richter et al., 2003). The principal end-members are schorl
(NaFe3Al6Si6O18(BO3)3(OH)3OH), elbaite (Na(Li,Al)3Al6Si6O18(BO3)3(OH)3OH), dravite
(NaMg3Al6Si6O18(BO3)3(OH)3OH) and uvite (CaMg3MgAl5Si6O18(BO3)3(OH)3OH).
Schorl is the most common end-member in igneous rocks, while elbaite is characteris-
tic of the central zones of complexly zoned pegmatites (Dietrich, 1985). Tourmaline
has a characteristically elongate dimension called the c axis.
Tourmaline is often chemically zoned. Some tourmalines exhibit a particular type
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of chemical zoning called sector zoning. Sector zoning has been described in peg-
matitic (Akizuki et al., 2001), metamorphic (van Hinsberg et al., 2006), as well as
authigenic sedimentary tourmaline (Henry et al., 1999). The origin and effects of
zoning in this study are discussed in Chapter 6.
2.5 Previous Li studies in the Black Hills
Whole rock δ7Li values for most granites are near that of the average continental
crust, but variance exists between minerals (e.g. results for various minerals in the
Harney Peak summarized in Figure 6.3). Whole-rock δ7Li values determined for
most Harney Peak Granite samples are similar to the δ7Li of nearby schists and
show no correlation with degree of differentiation, so it is believed that little to no
fractionation occurs during granite crystallization (Teng et al., 2006b). Previous
studies have clearly shown, however, that fractionation can occur readily in granitic
pegmatites (Tomascak et al., 1995; Teng et al., 2006b; Maloney et al., 2008).
2.6 Summary of study
The major and select trace elements of single tourmaline crystals were determined in
this study to elucidate the growth histories of tourmaline crystals in several pegmatite
intrusions and the chemical evolution of coexisting melts. In particular, changes in Li
concentrations and its isotope ratios in single crystals were investigated and compared
to variations in major element concentrations to see if they are correlated.
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Figure 2.1: Geologic map of the Black Hills, SD. The main Harney Peak Gran-
ite (HPG) is labeled and illustrated. Not illustrated are the thousands of granite-
pegmatite sills that surround the HPG along its periphery. Sample locations are
given as a large square (84RR2-4B), triangle (11HPBG-2-2) and circle (11HPBG-3-
1a).
11
Chapter 3
Samples
3.1 Sample 11HPBG-3-1a
Samples were collected and analyzed from three different localities shown in Figure
2.1. Sample 11HPBG-3-1a came from a layered pegmatite located north of US Hwy
16, near America Center Rd. (Figures 3.1-3.3; 43.7756◦, -103.5414◦). The pegmatite
was exposed as part of a prospect mine. Tourmaline was concentrated in a light-
colored, sub-horizontal layer rich in plagioclase and quartz that was bounded by an
aplitic layer on top and a fine-grained granite below. Many tourmaline crystals nucle-
ated at the aplite-pegmatite interface. Others grew outward from other tourmalines.
Near the pegmatite and phaneritic granite interface, small tourmalines, 1-2 cm long,
grew in radial splays (Figure 3.3a). Some of the largest tourmalines seen in the Black
Hills occur on the backside of the prospect mine, reaching up to 5 cm in diameter and
a meter or more in length. This contrasts sharply with the relatively small crystals
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collected for this study from this location. Sample size, Li concentration, and δ7Li
are summarized on Figure 3.3b.
Figure 3.1: Photograph of the outcrop for samples 11HPBG3-1a L and R. Field book
for scale. The pegmatitic layer that provided the sample is bordered by an aplitic
layer above and fine-grained layer below.
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Figure 3.2: Illustration of the textures seen at the layered pegmatite (see photo in
Figure 3.3). The sample was taken from the pegmatitic layer in the middle, though
the size of the tourmaline sampled with significant smaller than those collected from
the dikes.
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(a) (b)
Figure 3.3: (a) Close-up of pegmatite outcrop for sample 11HPBG-3-1a. This outcrop
had many relatively small tourmalines and may reflect an area of a higher nucleation
density. Both primasic and radial tourmalines were present. (b) Schematic illustration
of the crystals analyzed in this study from the locality in 3.1 with Li concentration
and isotope ratios overlain in their approximate position along the crystal.
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3.2 Sample 84RR2-4B
Sample 84RR2-4B was taken from an approximately 1 meter thick dike near the Mt.
Rushmore National Memorial (43.8870◦, -103.4738◦). A number of crosscutting dikes
intersect sillimanite-grade metasedimentary rocks. They contain large tourmaline
crystals that clearly nucleated at the pegmatite-wall rock contact and grew inward.
The analyzed tourmaline shared a nucleation point with another tourmaline and was
in close proximity to a few others. It was approximately 8 cm in length and 2 cm in
cross-section at its broadest position (See Figure 3.4).
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(a) (b)
Figure 3.4: (a) Photograph of sample 84RR2-4B. The intermediate-sized tourmaline
near the center of the photograph was chosen for study because the long crystal to
the right was fractured and parts of the tourmaline had weathered out of the rock.
(b) Schematic illustration of sample 84RR2-4B showing Li concentration and isotope
ratios overlain in their approximate position along the crystal.
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3.3 Sample 11HPBG-2-2
Sample 11HPBG-2-2 was collected from an outcrop to the south of Custer (43.7327◦,
-103.6355◦). The outcrop has a typical HPG mineralogy, with tourmaline present
and biotite absent. Many large tourmaline crystals, some up to 5 cm in diameter,
occur near each other. Most are exposed on a cut that provides a roughly cross-
sectional view. Away from these clusters, tourmaline is on average smaller in size,
though outcrop exposure was limited and heavily covered in lichen. The tourmaline
crystals are the largest minerals present, except for a few larger feldspar and quartz
crystals. The analyzed sample was ∼9 cm in length and 2 cm in diameter at the
far end from the nucleation point, which was at the pegmatite-metasedimentary rock
contact (Figure 3.5b).
(a) (b)
Figure 3.5: (a) Close-up photo showing sample 11HPBG2-2 in situ. Small tourmalines
nucleated at the tip but weren’t large enough for analysis. (b) Same view, zoomed
out, showing pegmatite contact with metasediments clearly.
18
Chapter 4
Methods
4.1 Sample preparation
Individual tourmaline crystals were cut from pegmatite hand samples using a rock
saw. For small crystals, tourmaline was separated using a small chisel at evenly
spaced points (sample 11HPBG3-1a; Figure 3.3b). Larger crystals were cut into 5 mm
disc-shaped slices perpendicular to their c-axes (samples 11HPBG2-2 and 84RR4-2;
Figures 3.4 and 3.5) using a precision saw. Every 5 mm slice was labeled, in ascending
order. For example, slice 11HPBG2-2 1 has the suffix -1 and includes material that
extends from the crystals nucleation point to 5 mm outward along its c-axis. Samples
with the suffix -2 include material ranging from 5-10 mm from the nucleation point,
etc. Every other disc was set aside for microprobe analysis (i.e. 11HPBG2-2 2,
11HPBG2-2 4 etc).
The discs and small pieces used for Li analyses were prepared following the pro-
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cedure of Maloney et al. (2008). Each sample of tourmaline was finely crushed using
a porcelain mortar and pestle. Because tourmaline is resistant to HF dissolution, a
tourmaline powder was placed into a Teflon beaker with concentrated hydrofluoric
acid to dissolve all other minerals that were ground-up with tourmaline. The beakers
were covered and placed on a hot plate on low heat overnight. The liquid was de-
canted and discarded whereas the remaining solid was allowed to dry. Tourmaline
was dissolved by alkali fusion. Approximately 100 mg of the purified tourmaline was
mixed with 500 mg of finely ground K2CO3 in a zirconia crucible. The mixture was
placed in a furnace heated to ∼500 ℃. The temperature was raised to ∼900 ℃ where
it was sustained for 15 minutes. During this time, the K2CO3 sintered with the tour-
maline. The furnace was then turned off and allowed to cool slowly overnight to
prevent cracking of the crucible.
Five milliliters of 10% HNO3 was added drop-wise to the crucibles to begin dis-
solution. The solution and remaining solid were washed into 15 ml centrifuge tubes
with additional HNO3. After centrifuging for 5 minutes, the liquid was decanted into
a Teflon beaker and stirred on a hot plate at low heat. The centrifuge tube was again
brought up to 15 ml with HNO3 and centrifuged at high speed. The liquid was de-
canted and added to the Teflon beaker. Three milliliters of concentrated HNO3 were
added to any remaining solid residue and shaken vigorously. The liquid was again
decanted and added to the Teflon beaker. Any remaining solid was transferred to a
separate Teflon beaker containing 3 ml HF. The beaker was covered and placed on a
hot plate at low heat overnight. When no solid was visible, the HF was allowed to
evaporate and the residue was re-dissolved in concentrated HNO3 and added to the
original Teflon beaker containing the rest of the dissolved tourmaline. The completely
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dissolved tourmaline was transferred to a volumetric flask and brought up to 50 ml
with 10% HNO3.
4.2 Li concentration measurements
Li concentrations were determined using a Perkin-Elmer Optima 3300 Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES) at the University of
Missouri-Columbia. Calibration curves were created using in-house synthetic stan-
dard solutions doped with 10, 25, and 100 ppm Li. The 10 ppm standard was re-
measured multiple times throughout the run to account for any instrument drift. Li
concentrations were obtained from the 670.784 nm radial emission line.
4.3 Electron microprobe
Grains of the small tourmaline crystals were mounted on a glass slide in Crystalbond
mounting adhesive. The grain mount was ground to 1 mm thickness and polished.
Larger tourmaline crystals were mounted in epoxy within a plastic 1inch ring mount
and then polished. All samples were carbon coated for analysis on the JEOL JXA-
8200 Superprobe at Washington University in St. Louis.
Spot analysis was performed for Na, Mg, Al, Si, K, Ca, Mn, Fe, Ti, P, Pb, Zn, F,
and O using a WDS detector. Analysis was performed with an accelerating voltage
of 15 kV, a beam current of 25 nA and a beam width of 20 µm. Additionally, full
elemental mapping was performed on sample 84RR2-4B-2-6 for Al, Ca, Cr, Fe, K,
Mg, Mn, Na, O, Si, and Ti. Of these elements, Si, O, Fe, K, and Cr were mapped
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using the EDS detector, while the others were mapped with one of the five WDS
detectors outfitted on the probe.
4.4 Li isotope measurements
Aliquots of dissolved tourmaline samples were analyzed for Li isotope ratios at the
University of Maryland-College Park by a Nu Plasma Multi-collector ICP-MS. The
procedure followed the three-column cation exchange chromatography method de-
tailed in Teng et al. (2004).
Using concentrations determined by previous ICP-OES measurements, a sample
volume that would yield at least 50 ng of Li was added to Savillex screw-top beakers,
dried on a hot plate over low heat, and then re-dissolved in 1 ml of 4 M HCl and
transferred to a 15 ml centrifuge tube. After centrifuging, a sample was loaded into a
12 ml polypropylene column. Each column holds Bio-Rad AG 50Wx12 200-400 mesh
resin and that was equilibrated with 1 ml 4 M HCl. The samples Li was captured
by running 9 ml 2.5 M HCl through the column and collecting the eluent, which was
then dried over a hotplate at low heat. Each column was subsequently cleaned with
10 ml 6 M HCl and 10 ml Milli-Q (MQ) purified water.
For the second step, each sample was re-dissolved in 1.5 ml 0.15 M HCl. The
same columns used in the previous step were equilibrated using 1 ml MQ water.
After loading a sample, 30 ml of 0.15 M HCl was run through the column and the
eluent collected. The samples were again placed on a hot plate to dry over low heat.
The third step utilizes smaller pressurized glass columns using the same resin as
the previous columns. Nitrogen gas is used to push liquid through the columns, which
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would take an impractically long time to flow through by gravity alone. Each sample
was re-dissolved in 1 ml 0.15 M HCl, then loaded into a column equilibrated with 1
ml MQ water. Nitrogen pressure levels were adjusted by hand for each column to
allow elution at a slow but steady rate. Sixteen milliliters of 30% ethanol in 0.5 M
HCl were pushed through the column and collected, then dried over a hotplate at low
heat overnight.
Before beginning analysis, the Na/Li voltage ratio is determined semi-quantitatively
on the ICP-MS. The voltage ratio must not exceed 5 if precise and accurate δ7Li re-
sults are to be obtained. Any samples that exceed the threshold were run through
the final column procedure once again. The prepared solutions were diluted to 50
ppb using 2% HNO3 for quantitative analysis on the ICP-MS. To minimize instru-
mental error, 6Li and 7Li were measured concurrently using two Faraday cups. The
sample was introduced to the Ar plasma using an ASX-100® Cetac Technologies
auto-sampler through an Aridus® Cetac Technologies desolvating nebulizer fitted
with an Elemental Scientific Inc. PFA spray chamber and micro-nebulizer.
Each sample analysis was preceded by analysis of the L-SVEC standard to account
for instrument drift. The samples δ7Li was adjusted using the L-SVEC measurements
that bracket it. Two other Li standards, IRMM-016 (Qi et al. 1997) and the in-house
UMD-1, were also analyzed multiple times throughout the run to confirm accuracy.
Precision was determined to have an average 2σ of 0.2h. USGS standard G-2 was
determined in this study to have δ7Li of -1.5h, within error of a previous study,
which determined a value of -1.2h± 0.6 (James and Palmer, 2000).
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Chapter 5
Results
Lithium concentrations and isotope ratios are summarized in Table 5.1. Major ele-
ment data from microprobe analysis is summarized in Table 5.2. A ternary diagram
(Figure 5.1, classification of Henry et al., 2011) shows that all analyzed tourmalines
fall into the schorl field. Most samples plot near the schorl-dravite join, though a few
slices from 11HPBG2-2 and 11HPBG3-1 R have elevated elbaite component.
5.1 Sample 11HPBG-3-1a results
Two separate tourmalines in sample 11HPBG-3-1a that nucleated near the same point
were analyzed. Due to their small size, the tourmalines could not be sliced with the
precision saw and were instead chipped out of the hand sample. They are denoted as
11HPBG3-1a L and 11HPBG3-1a R.
The tourmaline sample 11HPBG3-1a L showed a steady increase in δ7Li values
from its nucleation point to its terminus (+0.6h, +2.2h, +3.2h, +3.8h; Figure
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3.3b). In contrast, 11 HPBG3-1a R showed markedly different δ7Li values. The
δ7Li value nearest to the nucleation point was +11.6h. The isotope ratio halfway
between the crystals nucleation point and the terminus decreased to +2.5h. The
ratio increased to 11.0htoward the terminus of the crystal.
A backscattered electron (BSE) image acquired on the electron microprobe shows
concentric compositional zoning perpendicular to the tourmalines c-axis (Figure 5.2).
The zoning is due mainly to small variations in Fe and Mg concentrations. The BSE
image also shows small fractures that are commonly found in the tourmaline samples.
The fractures are usually filled with feldspar, quartz, or mica.
Element profiles for samples 11HPBG3-1a L and 11HPBG3-1a R are shown in
Figure 5.3. The profile begins near the crystal nucleation point and continues along
the c-axis. Element concentrations are similar near the nucleation point. Si and Al
are slightly elevated in 3-1a L, while 3-1a R is enriched in Mg, Mn, Ca, and Na,
though the differences in all elements but Mg are extremely small.
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Figure 5.1: Ternary diagram for the alkali tourmalines. Sample data plots within
the schorl field. The most Li enriched sample is 11HPBG2-2 (circles), followed by
11HPBG-3-1aR (diamonds). Samples 84RR2-4B (squares) and 11HPBG3-1L (trian-
gles) essentially plot at the base of the diagram, illustrating their low Li contents.
26
Figure 5.2: Backscattered electron image illustrating concentric, oscillatory zoning
along sample 11HPBG3-1as a-axis.
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Table 5.1: Summary of tourmaline sample name, distance from nucleation point, Li
concentration and isotope ratios. A dash indicates that Li concentration was not
measured due to insufficient sample.
Sample ID
distance (cm) from
nucleation point
Li (ppm) δ7Li
11HPBG-3-1a L1 0 97 11.6
11HPBG-3-1a L2 2 105 2.5
11HPBG-3-1a L3 4 123 11
11HPBG-3-1a R1 0 161 0.6
11HPBG-3-1a R2 2 41 2.2
11HPBG-3-1a R3 4 1297 3.2
11HPBG-3-1a R4 6 2100 3.8
84RR2-4B 2-1 0 - 11.7
84RR2-4B 2-3 1 47 4.5
84RR2-4B 2-5 2 135 6.7
84RR2-4B 2-7 3 113 5.3
84RR2-4B 2-9 4 2166 6.9
84RR2-4B 2-11 5 2123 13.7
84RR2-4B 2-13 6 179 10
11HPBG-2-2 1 0 - 15.4
11HPBG-2-2 3 1 105 14
11HPBG-2-2 5 2 168 13.7
11HPBG-2-2 7 3 169 11.3
11HPBG-2-2 9 4 368 13.8
11HPBG-2-2 11 5 6394 18.6
11HPBG-2-2 13 6 1215 35.7
11HPBG-2-2 15 7 6385 23.3
11HPBG-2-2 17 8 154 11.1
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Figure 5.3: Summary of element concentrations along the c-axis of samples 11HPBG2-
2 (circles), 11HPBG3-1aL (squares) and 11HPBG3-1aR (diamonds).
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5.2 Sample 84RR2-4B results
In sample 84RR2-4B, a δ7Li value of +11.7hwas obtained for the first 0.5 cm of the
crystal near the wall rock contact (Figure 3.4b). The lithium isotope ratio decreased
to +4.4hfor the crystal slice from 1.0 to 1.5 cm. Although variable, the δ7Li was
relatively constant for the next few cm (+6.6h, +5.3h, +6.8h) before increasing
to +13.6hfor the slice at 5 cm from the nucleation point. δ7Li near the terminus of
this crystal was +10.0h.
The element maps of cross-sections of this tourmaline are presented in Figure
5.410. Light colored areas represent higher x-ray counts and thus higher element
concentrations. The images were scaled to maximize contrast, therefore a gray value
in different element maps does not represent the same concentration. The sample
exhibits obvious concentric oscillatory zoning in Fe and Mg. Variations in Ti, Na,
and Ca are limited to a sharp compositional boundary separating a complexly zoned
core containing a feldspathic vein from a homogeneous to slightly zoned rim.
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Figure 5.4
(a)
(b)
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Figure 5.4
(c)
(d)
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(e)
Figure 5.4: The element maps that showed zoning along 84RR2-4B 2-6 tourmalines
a-axis. The scale on Figure 5.4a applies to all images. The core of the slice is marked
by a veinlet or inclusion of quartz and feldspar that clearly affected the core zone
of the tourmaline. Outside of the core, the crystal shows concentric zoning defined
mainly by Fe and Mg variations.
Quantitative transects were acquired for three slices for the elements Si, Al, Ti,
Fe, Mg, Mn, Ca, Na, and K (Figures 5.6a-5.6c). The transect of 84RR2-4B-2-2
runs approximately from the crystal core to the rim. A decrease in Fe near the rim
corresponds to an increase in Ti, Mg, and Ca (Figure 5.6a). Si decreases by ∼0.5
wt%. A complete cross section of 84RR2-4B-2-6 is shown in Figure 5.6b.
Compositional trends are weak. Element maps for this slice show that the crystal
exhibits concentric oscillatory zoning, however, zoning is not obvious because the
transect spacing is nearly as wide as the zones. In general, the slice 2-6 shows a small
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Figure 5.5: Illustration of the extent and position of microprobe transects across three
separate tourmaline slices.
relative enrichment in Fe and depletion in Ti, Mg, Ca, and Na in the core, as in slice
2-2. Slice 2-13 shows similar Fe depletion and Mg enrichment toward the rim and
insignificant changes in other elements.
All three transects are summarized by Figure 5.7, which shows the average con-
centrations for the slices along the c-axis. The error bars at each point show the range
of values used to compute the averages. There are negligible changes in the major
element concentrations along the c-axis, except for enrichment and depletion of Fe
and Mg, respectively, near the terminus.
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Figure 5.6
(a)
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Figure 5.6
(b)
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(c)
Figure 5.6: Results from a microprobe transect across sample 84RR2-4b, slice 2 (a),
slice 6 (b), and slice 13 (c). Location and extent of the transects is illustrated in
Figure 5.5. Transects are generally from core to rim.
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Figure 5.7: Summary of element concentrations in weight percent for three separate
slices of sample 84RR2-4b determined by electron microprobe. The error bars repre-
sent the range of values across the crystals a-axis. Fe increases and Mg decreases at
greater distances from the nucleation point.
5.3 Sample 11HPBG-2-2 results
The isotope ratios of Li in 11HPBG-2-2 were much higher than in other samples (Table
5.1, Figure 5.8). Near the nucleation point, δ7Li values were variable, changing by
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∼2hbetween every slice. The first slice measured had a δ7Li of +15.4h, followed
by a steady decrease (+14.0h, +13.7h, +11.3h) before increasing again, first by a
moderate amount (+13.8h) and then by a drastic amount (+35.7h). Subsequently,
δ7Li decreased to +23.3h. The value of the slice furthest from the nucleation point
was +11.1h. Li concentrations were likewise variable, exhibiting a low of 105 ppm
near the nucleation point and reaching as high as 6394 ppm in the slice 5 cm from
the nucleation point.
Microprobe analysis (element maps, Figure 5.410; summary Table 5.2) shows that
there is variability in the crystal composition. Near the nucleation point, SiO2 and
Al2O3 concentrations are 35.2% and 34.6%, respectively. They increase slightly from
the nucleation point before decreasing down to 35.0% and 34.5% starting at ∼3 cm.
SiO2 and Al2O3 exhibit a small increase at the crystals extremity to 35.9% and 34.7%.
FeO decreases steadily, though the overall change is <0.1 percent. Mg exhibits the
opposite behavior and increases from the nucleation point.
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Figure 5.8: Schematic illustration of sample 11HPBG2-2 showing Li concentration
and isotope ratios at their approximate location in the crystal. Li concentration was
not determined for the slice closest to the nucleation point due to lack of material.
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Chapter 6
Discussion
6.1 Tourmaline composition
Tourmaline formulas were determined from electron microprobe and ICP-OES data
(Table 6.1). Normalization was performed on the basis of 31 oxygens. Boron was
not analyzed; its concentration was assumed to be stoichiometric. All analyzed tour-
malines are dominated by the schorl component. Sample 11HPBG-3-1-a L1 has a
general formula of X0.66Y2.89Z6[T6O18][BO3]3V3.82W0.18. All other samples have sim-
ilar general formulas with X site vacancies that vary between 0.32 and 0.48.
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Table 6.1
(a)
43
(b)
Table 6.1: Microprobe data was used to determine element distribution in the tourma-
line crystal structure and formula units. Li2O was determined by ICP-OES. B2O3 and
H2O were not determined experimentally therefore were determined by stoichiometry.
Normalization was performed on the basis of 31 oxygens.
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X-ray maps of sample 84RR2-4B show compositional zoning, though the quan-
titative variation is not significantly large. In cross section, the crystal rims, which
represent the last part of the crystal to grow, are depleted in Fe. The opposite is true
along the c-axis. Fe enrichment occurs near the terminus of the crystal. This apparent
contradiction illustrates that crystal growth was not isotropic or that Fe distribution
in the melt was not homogeneous. FeO near the rim of the cross-sectional slice is 10.0
wt%. Near the terminus of the crystal it is 11.4 wt%. Major element zoning occurs
both in the a and c-axis directions. Morphology suggests the preferential growth of
tourmaline in the c-axis direction. The relative growth in the a and c-axis directions
can be influenced by sector zoning (van Hinsberg et al., 2011) and the presence of
late-stage fluids (Agrosi et al., 2006).
Overall, the major element composition in these samples does not vary signifi-
cantly compared to Li. Substitution reactions alone cannot explain variations in Li
concentration and isotope ratios in individual crystals. The magnitude of change of
major elements is smaller in cross-section compared to along the long axis of the
crystal. FeO varies by as much as 1.9 wt% along sample 84RR2-4Bs long axis, but
only 0.89 wt% across the c-axis (ignoring anomalously low values in slice 2-6 due to
the vein).
Bulk Li concentrations of whole crystals were approximated by averaging indi-
vidual slice values. The bulk Li concentrations can only be considered approximate
because they do not account for variations in the volumes of the individual slices.
Sample 11HPBG-3-1a has an average Li concentration of 561 ppm, sample 84RR2-
4B an average of 794 ppm, and 11HPBG-2-2 an average of 1870 ppm. The variability
in bulk Li concentration indicates that individual pegmatite sheets probably had dif-
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ferent Li concentrations despite having similar mineralogies. Such variability in trace
and minor element concentrations has been used to compare and link pegmatite sheets
genetically (Jolliff et al., 1986). The highest Li concentration in 11HPBG-2-2, which
is located outside the main body of the Harney Peak granite, agrees with previous
studies that have found the concentrations of trace elements and rare minerals to
be higher in the pegmatites along the outskirts of the granite-pegmatite field (e.g.
Norton and Redden, 1990).
Li occurrence in tourmaline is related to the coupled substitution reaction 2Y R2+ ↔
Y Li1+ + Y Al3+ (Henry et al., 2011). R in the present case could represent Mg,
which occurs in lower abundance toward the terminus of the crystal, despite steady
or slightly increased Fe concentration. Mg depletion at the crystal terminus con-
veniently explains a Li increase, but this must be treated with caution. While Mg
appears to decrease in 84RR2-4B (Figure 5.7), the range of values determined from
a cross-sectional transect actually overlap between the slices 2.5 and 6 cm from the
nucleation point. This substitution can at least partially account for higher Al and
Li and lower Mg at the terminus of sample 11HPBG3-1a R, but not for other samples
in which Mg actually increases at the termini. As illustrated on a ternary diagram
(Figure 5.1), the Mg#, defined as
Mg# =
MgO
(FeO +MgO)
∗ 100 (6.1)
of sample 11HPBG2-2 was fairly variable, ranging from 26.3 to 36.6. The Mg#s of
the slices with the lowest Li concentrations vary considerably, however the Mg#s
among those with the highest Li concentrations are nearly the same. The increase
in Li corresponds with a decrease in Al that can be explained by the deprotonation
46
reaction 0.5Li1+ + OH1− ↔ 0.5YAl3+ + O2− (Henry et al., 2011).
The increase in Li concentration broadly agrees with previous studies of tourmaline
in pegmatitic systems. Staatz et al. (1955) and Jolliff et al. (1986) showed a decrease
in Mg and Fe accompanied by increases in Ca, K, and Li from the border zones to
the cores of the Brown Derby, CO and Bob Ingersol, SD pegmatites, respectively.
These trends follow the expected general fractionation behavior in magmatic systems
(Jolliff et al., 1986). Staatz et al. (1955) and Jolliff et al. (1986) focused on changes
among bulk tourmaline crystals in a zoned pegmatite, as opposed to detailed analysis
of single crystals in an outcrop as in this study. However, the crystals analyzed here
nucleate from the border/contact zone and crystallize inward, so a comparison is not
unwarranted.
6.2 Elemental Li partitioning
Van Hinsberg (2011) performed electron microprobe analysis to determine partition
coefficients between tourmaline, and H2O and borosilicate-saturated melt at 800℃
and 7.5 kbar. D(Li)tur/melt was found to be 0.89. This value is near unity; there-
fore, elemental Li should not be fractionated to any significant degree during by
tourmaline crystallization alone. The partitioning of Li between muscovite and tour-
maline, D(Li)musc/tur, is 0.82±0.16 (Klemme et al., 2011), which also shows that
crystallization of muscovite should also not greatly affect Li concentration in melt.
Some of the high concentrations of Li in schorl measured in this study could be a
result of interaction with Li-rich fluid since Li strongly fractionates into fluid (Brenan
et al., 1998). D(Li)fluid/melt increases with volatile concentration. A water-saturated
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magma is susceptible to Li differentiation during fluid separation at temperatures
between 850 and 900℃ (Webster et al., 1989). These temperatures are well above
those postulated for the Black Hills pegmatites, which may have been ¡400℃ (Nabelek
et al., 2010). Maloney et al. (2008) described a consistent increase in Li concentration
from the margins to the cores of pegmatite dikes in San Diego county, California.
The crystallization temperature was not determined for these dikes, however it could
be far below 850-900℃ if fluxed by volatiles. During crystallization, an aqueous
fluid exsolved from the melt may have scavenged Li and have concentrated at the
crystallization front. The last crystals to form would have higher Li, and in those
crystals the highest values would be expected near their terminus. All samples in
this study showed Li concentration increases toward their terminus. 11HPBG-2-2
and 84RR2-4b have large drops following peak concentration that may reflect Li
depletion in the remaining melt or vapor. This model is partially supported by high
Li concentrations measured in pegmatite fluid inclusions (Grzovic and Nabelek, 2012),
but because Li would preferentially concentrate in the fluid, as opposed to the crystal,
it would only be supported if the fluid was supersaturated.
Alternatively, Li enrichment could be caused by co-crystallization of tourmaline
with feldspar and quartz, which is supported by textural relationships. Crystallization
of Li-poor minerals, such as feldspar and quartz, would cause the concentration of Li
to progressively increase in the melt. In previous studies, this is supported by positive
correlations of Li vs. Rb and Ga (Teng et al., 2009).
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6.3 Relationship between Li concentration and δ7Li
No simple correlation between Li concentration and Li isotope ratios has been found
in magmatic systems in previous studies (Barnes et al., 2012, Gallagher and Elliott,
2009, Maloney et al., 2008, Teng et al., 2006a). Likewise, there is no strong correla-
tion between δ7Li and Li concentration in the Black Hills tourmalines (Figure 6.1).
There is a rough positive, intra-mineral correlation between concentration and δ7Li
in 11HPBG-2-2, and to a lesser extent in 84RR2-4B. Sample 11HPBG-3-1a does not
show a correlation, however. Though the tourmaline slices that are among the most
enriched in Li contain the highest δ7Li, the meaning of this relationship is not clear
as some slices with high Li concentrations have among the lowest δ7Li.
6.4 Variability in δ7Li along c-axis of tourmaline
The tourmalines studied here show dramatic shifts in δ7Li along the crystals’ c-
axes. The range for sample 11HPBG2-2 was over 24h, and for 11HPBG3-1a L and
84RR2-4B over 9h. 11HPBG3-1a R had a narrower range of 3.2h. Sharp variability
in major element chemistry across the a-axis was determined by electron microprobe,
but this does not necessitate variability in δ7Li. Ludwig et al., (2011) found δ7Li to
be more or less invariable across the a-axis, despite chemical zoning. Cross-sectional
isotopic variability of boron isotope ratios has been reported for tourmaline. In that
study, δ11B varied by ∼ 8h, however the variability was due to metamorphism and
overgrowth of a detrital tourmaline core (Marschall et al., 2007). Element mapping
of 84RR2-4B shows a core of slightly different major element composition in slice 2-6.
This is likely due to interaction with a small quartz and feldspar vein or inclusions
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passing through the core, as opposed to a metamorphic overgrowth. Slices 2-2 and 2-
13 did not show similar cores. There is no correlation between δ7Li, Li concentration,
and the presence or absence of the veinlet.
This study cannot thoroughly evaluate the relationship between δ7Li and major
element zoning along the a-axis since δ7Li was not measured in cross-section. Oscil-
latory concentric zoning can be controlled by diffusion-limited growth (Hezel et al.,
2011, London et al., 1996) or sector zoning (van Hinsberg et al, 2011). Oscillatory
zoning is illustrated by many major element maps (Figure 5.3), however sector zoning
cannot be directly observed without an element map along the c-axis, where sector
zoning is most easily seen (see Figure 6.2b. Sharp contrasts in Na, Ca, and Ti along
the a-axis (Figures 5.4c-5.4e) may be evidence for sector zoning (Marschall, personal
communication, December 2012).
6.5 Sector zoning and isotope variability
Sector zoning could explain, in part, the observed variability of major elements, Li,
and Li isotopes along the crystals c axes. Sector zoning has been described in peg-
matitic (Akizuki et al., 2001), metamorphic (van Hinsberg et al., 2006), as well as
authigenic sedimentary tourmaline (Henry et al., 1999). Sector zoning can form dur-
ing either rapid or slow crystallization. During rapid crystallization, equilibrium is
not maintained between sectors. During slow crystallization, differential isotope dif-
fusion within the tourmaline lattice could result in sector zoning (Watson and Liang,
1995). Zoning could also be the result of different equilibrium constants on different
growth surfaces (van Hinsburg and Schumacher, 2007).
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Figure 6.1: Lithium concentrations plotted against lithium isotopic values. There is
not a systematic relationship among all the samples, though individual samples show
a slight correlation between high Li concentration and heavy isotope ratio.
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(a)
(b)
Figure 6.2: (a) Photo of a tourmaline exhibiting sector zoning from a previous study
(van Hinsberg et al., 2007). (b) Schematic illustration of chemical variability due to
sector zoning (Modified from van Hinsberg et al., 2006).
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A distinct type of zoning called hourglass sector zoning results in major and trace-
element fractionation, and possibly isotopic fractionation, as well (van Hinsberg et
al., 2006). Hourglass sector zoning has previously been suggested for tourmaline
in granite pegmatites (Hezel et al., 2011), however the most robust studies so far
have been limited to tourmaline of metamorphic origin (Henry and Dutrow, 2001,
van Hinsberg et al., 2006). When hourglass sector zoning is present, the tourmaline
crystal can be split into chemically defined regions along the crystals c and a axes
(Figure 6.2). The c+ sector has low concentrations of Ti, Ca, Mg, and Na, and the
c- sector has low concentrations of Mg and Al. A third sector, called the a sector,
has an intermediate composition and is believed to be unaffected by sector zoning.
The c+ sector gets its name from the positive charge that accumulates on its growth
surface that is at least partially the result of preferred orientation of the Si tetrahedra
(van Hinsberg and Marschall, 2007).
The presence or absence of sector zoning could be determined with BSE imaging
of a tourmaline crystal along its c axis or by compositional proxies. In a previous
investigation, boron was observed to be isotopically heavy in c+ sectors, though the
isotope ratio differences were small (van Hinsberg and Marschall, 2007). Elevated
δ11B ratios appear to be related to high δ7Li values in previous studies (Ludwig et
al., 2011). B isotopes were not determined in this study, but patterns in Li, δ7Li and
major elements may be evidence for sector zoning.
Major element results from a microprobe transect of Sample 84RR2-4B 2-13, a
slice from near the terminus of the crystal, are consistent with the pattern expected
for a slice cut perpendicular to the c+ sector. The crystal core exhibits relatively
low concentrations of Ti, Ca, and Mg, while concentrations rise on the rim (compare
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Figure 5.6c and c+ sector in Figure 6.2b). Li enrichment has been observed to occur in
the c+ sector a previous study (van Hinsberg and Marschall, 2007). This corresponds
with Li concentration increases observed in this study in the inferred c+ sector.
The correlation between the compositional zoning of Sample 84RR2-4B described
above and sector zoning is likely coincidental. Though zoning in slice 2-13 appears
to be consistent with a c+ sector (Figure 5.6c) and slice 2-6 consistent with a more
compositionally homogenous a sector (Figure 5.6b), slice 2-2 is not consistent with the
c- sector (Figure 5.6a) that would be expected if sector zoning were present. In any
case, the Li isotope ratio increases measured here are much larger than those reported
to be caused by sector zoning in van Hinsberg and Marschall (2007) and sector zoning
likely does not influence isotope fractionation significantly in these samples.
6.6 Influence of crystallization style
Stark differences in major element chemistry across the a-axis might indicate co-
variability in Li isotope values, but a recent pegmatite crystallization model suggests
otherwise. London (2009) suggested that the primary growth direction in an under-
cooled pegmatite is often along the long axes of minerals. A tourmaline with its long
axis oriented toward the hottest part of the magma body will grow while one with a
less favorable orientation will cease growing as the solidification front passed inward.
The outcrop where 11HPBG3-1a was collected exhibits this property well. As seen
in Figure 3.2, the largest tourmaline crystals are oriented perpendicular to the zone
boundary, whereas crystals in other orientations are markedly smaller. The flaring
exhibited by many tourmalines, such as sample 11HPBG-2-2, can be explained by
54
increased lateral diffusion of essential structural components as a crystal reaches the
less viscous, hotter parts of the melt (London, 2008, 2009). Because growth occurs
preferentially in the c-axis direction, slices near the nucleation point will preserve
an earlier isotopic value instead of being normalized by a large rim that grew late.
Sector zoning may play a role in the Li isotope fractionation observed, but major
element variability can be influenced by crystallization style and melt evolution and
any correlation of sector zoning with the results here is likely coincidental.
6.7 Extreme Li isotope fractionation
Results of this research reveal that extreme fractionation of Li isotopes is possible
within single tourmaline crystals. The δ7Li values reported here are among the highest
ever measured in rocks or minerals, though even though the average for each crystal
(white dots in Figure 6.3) falls within those of previous studies (Ludwig et al., 2011;
Maloney et al., 2008; Teng et al., 2006a). Partitioning between melt, fluid and crystal
will affect isotope fractionation, and temperature and pressure-sensitive partitioning
(van Hinsberg, 2011) could account for isotope profiles that vary through a crystals
growth. Unfortunately, the partition coefficients for 6Li and 7Li between tourmaline
and silicate melts are yet to be determined separately. A large portion of the observed
fractionation is likely due to the 16% mass difference between 7Li and 6Li. High
temperature igneous processes were previously thought to not result in significant Li
isotope mass fractionation (Tomascak et al., 1999). However, recent studies indicate
kinetically driven fractionation is important at high temperatures (Teng et al., 2006b;
Parkinson et al., 2007; Wagner and Deloule, 2007; Aulbach and Rudnick, 2009; Weyer
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and Seitz, 2012).
Whole rock δ7Li values for most granites are near that of the average continental
crust, but variance exists between minerals (e.g. results for various minerals in the
Harney Peak summarized in Figure 6.3). The δ7Li values determined for most Harney
Peak Granite samples are similar to the δ7Li of nearby schists and show no correlation
with degree of differentiation, indicating that little to no fractionation occurred during
granite crystallization (Teng et al., 2006b). It is clear, however, that fractionation
occurs readily in granitic pegmatites (Tomascak et al., 1995; Teng et al., 2006b;
Maloney et al., 2008).
Li isotope fractionation is partially controlled by Li coordination in the tour-
maline structure. 7Li is preferentially incorporated into the phase with the smaller
Li-coordination. Li can occupy either the octahedral Y-site or tetrahedral X site in
tourmaline, though it strongly prefers the octahedral Y-site due to its small ionic
radius (Wegner and Armbruster, 1991). It follows that Li in tourmaline would be
expected to be isotopically light if equilibrium fractionation alone occurred (Wun-
der et al., 2007), with 7Li preferring to enter a fluid phase, where it is tetrahedrally
coordinated in the form of [Li(H2O)4]
+ (Wunder et al., 2006).
If fractional crystallization and differentiation are significant in fractionating Li
isotopes, a residual granitic melt could become highly enriched in 7Li relative to
tourmaline, as crystallizing tourmaline would preferentially take up 6Li due to the
octahedral coordination of the Y site. Li in late-crystallizing tourmaline crystals
or crystal fractions should therefore be isotopically very heavy. Late crystallizing
minerals would have high δ7Li, which is further supported by the progressive increase
in δ7Li from the tourmalines nucleation points to their termini.
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6.8 Kinetic effects
Thin pegmatite sheets must cool relatively quickly and at low temperatures (Nabelek
et al., 2009; Norton and Redden, 1990), so that different rates of diffusion of 6Li and
7Li may occur near the interface between a growing crystal and melt. Richter et al.
(2003) proposed the equation:
Dl
Dh
=
(
mh
ml
)β
(6.2)
to relate the diffusion of isotopes to their masses. β is an experimentally deter-
mined parameter. βLi is 0.215, which is a much smaller value than that for Ca and
Fe. This means that the Li diffusion rate in silicate melts is exceptionally high, com-
parable to molecular water and helium (Richter et al., 2003). More importantly, the
large 7Li/6Li mass ratio results in more rapid diffusion of 6Li compared to 7Li. The
relatively slow diffusion of 7Li may cause it to preferentially accumulate at the crys-
tal/melt interface during a rapid growth of tourmaline, consequently, causing elevated
δ7Li values. If this process dominates the Li fractionation seen here, the intracrystal
heterogeneity in δ7Li values of up to 24.6h, indicates that crystallization must have
been rapid, since because crystal growth must have outpaced Li diffusion for diffusion-
controlled fractionation to occur. If fractionation was controlled by this kinetic effect
alone, isotope ratios would be proportional to the rate of crystal growth. If that was
the case for the Black Hills tourmalines, it would appear that the crystallization rates
varied during their growth. The possibility of using tourmaline as a crystallization
geospeedometer (Coogan et al., 2005; Jeffcoate et al., 2007) is complicated by the
likely reality that multiple processes affect δ7Li values.
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6.9 Comparison with previous models
Figure 6.3 is a summary of δ7Li results from previous studies. Mathematical mod-
eling of temperature-dependent kinetic fractionation of Li isotopes into a growing
clinopyroxene has shown that Li isotope fractionation can occur by crystallization
alone (Gallagher and Elliott, 2009). Previous models did not predict Li fractiona-
tion during crystallization (e.g. Parkinson et al., 2007). These models considered
neither temperature-dependent diffusion, nor the Robin boundary condition. The
Robin boundary condition allows for changes in diffusion due to a boundary layer
around the rim of a crystal. When the cooling rate, hence crystallization rate, is
slow (but not slow enough such that equilibrium is reached), the model agrees well
with core to rim isotope profiles in clinopyroxenes and olivines in which δ7Li de-
creases from cores toward rims, followed by a sharp increase in δ7Li at the rim due
to the temperature dependence of the diffusivity and the partition coefficients of Li
(Gallagher and Elliott, 2009). With fast cooling rates, a different trend was seen
where most of the crystal was isotopically light, but increased toward normal values
at the rim. Neither of these profiles agree completely with the Black Hills tourma-
lines in which δ7Li generally increases along the c-axis but decreases near the tips of
crystals. Cooling rate was a primary constraint on Gallagher and Elliott’s models.
They also postulate that crystal size may also play a role. Large crystals would limit
the amount of diffusion-controlled fractionation in the interior of the crystals, but
this effect would be minimized in crystals with higher surface areas like the elongate
tourmaline crystals here.
Ludwig et al. (2011) described pegmatitic tourmaline from Brazil that was nearly
isotopically homogenous, but showed slightly higher δ7Li along its rim. Differences
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between Ludwig et al. (2011) and this study could be attributed to the increas-
ing importance of kinetically controlled fractionation in an undercooled melt. If both
equilibrium cooling and kinetic effects contribute to fractionation at some point, Black
Hills tourmaline δ7Li could be controlled kinetically throughout most of the crystal-
lization process, resulting in extreme fractionation in the crystal (possibly aided by
interaction with a 7Li-enriched vapor phase, though fluid inclusion evidence points
toward no). Toward the end of crystallization, crystallization slows and kinetic frac-
tionation becomes less important. The relative diffusion rates between 7Li and 6Li
lessens and δ7Li becomes less extreme, as observed here.
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Figure 6.3: Comparison of δ7Li values determined in this study (top three bars,
white dot represents crystal average) with previous work. San Diego Co. pegmatite
tourmaline from Maloney et al., 2008. Brazil tourmaline data from Ludwig et al.
2011. S-type granite data represents the Tin Mountain pegmatite from Teng et al.,
2006a. Figure modified after Ludwig et al., (2011).
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Chapter 7
Summary and concluding remarks
The most striking results from this study are the extreme Li isotope ratio and concen-
tration variations in single tourmaline crystals. Li evolution between zones in complex
pegmatites has previously been described in detail (Barnes et al., 2012, Hezel et al.,
2011, Maloney et al., 2008, Teng et al., 2006b), but this is the first study where such
changes have been described in a single mineral in pegmatite dikes.
Variations in tourmaline Li concentration and isotope ratios were only measured
along the crystal’s c-axis. Variations across the a-axis may be much smaller. Small a-
axis variability in major elements supports this assumption, as does London’s (2009)
crystallization model. A future study that investigates the relationship between a-axis
and c-axis Li concentrations and isotopes could be used to verify or refute London’s
model and better define the spatial distribution of extreme fractionations.
The systematic enrichment of Li toward the crystal terminus and the center of
the dike in samples 84RR2-4B and 11HPBG-2-2 (or in the case of sample 11HPBG3-
1a, zone within a layered pegmatite) agrees well with published data (Maloney et al.,
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2008). Due to a partitioning constant for Li between tourmaline and melt that is close
to unity (van Hinsberg, 2011), the Li concentrations along the c-axis of tourmaline
track the increasing Li concentration in the melt that may result from incompatibility
of Li in other crystallizing phases. Decreases in Li concentration near the tips of
the tourmaline crystals may reflect an equilibrated melt and slowed crystallization,
which allows accumulated Li to diffuse away from chemical boundary layers on the
crystallization fronts.
The Li isotopic profiles across and along the tourmaline crystals can be partially
accounted for by kinetic considerations. The temperature dependence of Li diffusivity
in a granitic melt has not been quantified and could be the subject of a future study.
This interpretation is complicated by the counterintuitive possibility that heavier
isotopes can actually diffuse more effectively in cool, viscous melts due to momentum
considerations (Lacks et al., 2012), though evidence suggests this may not apply to
Li. The effect of tourmaline’s polar character and the possibility of sector zoning on
Li concentration and isotope fractionaion is not well constrained in igneous systems
(van Hinsberg and Marschall, 2007) and does not appear to be important in these
samples.
There is evidence for separation of a Li-rich aqueous fluid from a fluid inclusion
study (Grzovic and Nabelek, 2012), but no evidence that tourmaline interacted with
the fluid such as in the pockets seen in other regions due to high crystallization
pressures. 7Li can preferentially accumulate in the melt at a tourmaline crystal-
lization front due to kinetic effects and interaction between the growing crystal and
melt could explain extreme δ7Li values recorded in the latest stages of crystalliza-
tion. Following this interaction, melt could have diffused from the crystal interface
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and crystallization slowed as the melt reached equilibrium. The extremities of the
tourmaline consequently contain both moderate Li concentrations and isotope ratios.
Tourmaline has been called a “geologic DVD” due to its wide stability range and
resistance to alteration. But, at least in the case of Li isotopes, tourmaline does not
simply tell a story of evolving host magma. In future work, the extent of Li variability
in the a-axis direction should be determined. This will require modifying the methods
here to include micro-drilling or spot ablation. Applications of Li isotopes, such as
in geospeedometers, must proceed with caution until the prevalence and patterns of
intra-crystal Li isotope heterogeneity in tourmaline can be better established.
63
 64 
BIBLIOGRAPHY 
 
Akizuki, M., Kuribayashi, T., Nagase, T., and Kitakaze, A. Triclinic 
liddicoatite and elbaite in growth sectors of tourmaline from 
Madagascar: American Mineralogist, v. 86, no. 3, p. 364–369. 
 
Aulbach, S., and Rudnick, R.L., 2009, Origins of non-equilibrium lithium 
isotopic fractionation in xenolithic peridotite minerals: Examples 
from Tanzania: Chemical Geology, v. 258, no. 1–2, p. 17–27. 
 
Barnes, E.M., Weis, D., and Groat, L.A., 2012, Significant Li isotope 
fractionation in geochemically evolved rare element-bearing 
pegmatites from the Little Nahanni Pegmatite Group, NWT, 
Canada: Lithos, v. 132-133, p. 21–36. 
 
Brenan, J.M., Ryerson, F.J., and Shaw, H.F., 1998, The role of aqueous 
fluids in the slab-to-mantle transfer of boron, beryllium, and lithium 
during subduction: Experiments and models: Geochimica et 
Cosmochimica Acta, v. 62, p. 3337-3347. 
 
Chan L.H., 1987, Lithium isotope analysis by thermal ionization mass 
spectrometry of lithium tetraborate. Analytical Chemistry, v. 59, p. 
2662-2665. 
 
Coogan, L.A., Kasemann, S.A., Chakraborty, S., 2005. Rates of 
hydrothermal cooling of new oceanic upper crust derived from 
lithium-geospeedometry. Earth Planetary Science Letters, v. 240, p. 
415–424. 
 
Dahl, P.S., Hamilton, M.A., Jercinovic, M.J., Terry, M.P., Williams, 
M.L., and Frei, R., 2005a, Comparative isotopic and chemical 
geochronometry of monazite, with implications for U-Th-Pb dating 
by electron microprobe: An example from metamorphic rocks of the 
eastern Wyoming Craton (USA): American Mineralogist, v. 90, p. 
619-638. 
 
Dahl, P.S., Terry, M.P., Jercinovic, M.J., Williams, M.L., Himilton, 
M.A., Foland, K.A., Clement, S.M., Friberg, L.M., 2005b, Electron 
probe (Ultrachron) microchronometry of metamorphic monazite: 
 65 
Unraveling the timing of polyphase thermotectonism in the 
easternmost Wyoming Craton (Black Hills, South Dakota): American 
Mineralogist, v. 90, p. 1712-1728. 
 
De Beaumont, E., 1847, Note sur les emanations volcanique et 
metallifères, Société Géologique de France, sér. 4, v. 12, p. 1249-1251. 
 
Dietrich, R.V., 1985, The tourmaline group: Van Nostrand Reinhold, 
New York, 300 p.  
 
Duke, E.F., Shearer, C.K., Redden, J.A., Papike, J.J., 1990. Proterozoic 
granite–pegmatite magmatism, Black Hills, South Dakota: Structure 
and geochemical zonation. In: Lewry, J.F., Stauffer, M.R. (Eds.), 
The Early Proterozoic Trans–Hudson Orogen of North America. 
Geol. Assoc. Canada Spec. Paper 37, pp. 253–269. 
 
Epstein, S., and Mayeda, T. Variation of O18 content of waters from 
natural sources: Geochimica et Cosmochimica Acta, v. 4, no. 5, p. 
213–224. 
 
Flesch, G.D., Anders, A.R.J., and Svec, H. J., 1973, A secondary 
isotopic standard for 6Li/7Li determinations: International Journal of 
Mass Spectrometry and Ion Processes, v. 12, p. 265–272. 
 
Gallagher, K., and Elliott, T., 2009, Fractionation of lithium isotopes in 
magmatic systems as a natural consequence of cooling: Earth and 
Planetary Science Letters, v. 278, no. 3–4, p. 286–296. 
 
Ghezzi, L., Cunha, K., Smith, V.V., Margheim, S., Schuler, S., de 
Araújo, F.X., and la Reza, de, R., 2009, Measurements of the isotopic 
ratio 6Li/7Li in stars with planets: The Astrophysical Journal, v. 
698, no. 1, p. 451–460. 
 
Grzovic, M. and Nabelek, P.I., 2012, Enrichment of Li in fluids exsolved 
from the Harney Peak leucogranite Black Hills, South Dakota., 22nd 
Goldschmidt Conference. 
 
 66 
Henry, D.J., and Dutrow, B.L., 2001, Compositional zoning and element 
partitioning in nickeloan tourmaline from a metamorphosed 
karstbauxite from Samos, Greece: American Mineralogist, v. 86, no. 
10, p. 1130–1142. 
 
Henry, D.J., Kirkland, B.L., and Kirkland, D.W., 1999, Sector-zoned 
tourmaline from the cap rock of a salt dome: European Journal of 
Mineralogy, v. 11, no. 2, p. 263–280. 
 
Henry, D.J., Novak, M., Hawthorne, F.C., Ertl, A., Dutrow, B.L., Uher, 
P., and Pezzotta, F., 2011, Nomenclature of the tourmaline-
supergroup minerals: American Mineralogist, v. 96, no. 5-6, p. 895–
913. 
 
Hezel, D.C., Kalt, A., Marschall, H.R., Ludwig, T., and Meyer, H.-P., 
2011, Major-element and Li, Be compositional evolution of 
tourmaline in an S-type granite–pegmatite system and its country 
rocks: an example from Ikaria, Aegean Sea, Greece: The Canadian 
Mineralogist, v. 49, no. 1, p. 321–340. 
 
Hoefs, J., 2009, Stable Isotope Geochemistry: Springer, Berlin, 285 p. 
 
Jahns, R.H., and Burnham, C.W., 1969, Experimental studies of 
pegmatite genesis; l, A model for the derivation and crystallization of 
granitic pegmatites: Economic Geology, v. 64, no. 8, p. 843–864. 
 
James, R.H., and Palmer, M.R., 2000, The lithium isotope composition 
of international rock standards: Chemical Geology, v. 166, no. 3–4, p. 
319–326. 
 
Jeffcoate, A.B., Elliott, T., Kasemann, S.A., Ionov, D., Cooper, K., and 
Brooker, R., 2007, Li isotope fractionation in peridotites and mafic 
melts: Geochimica et Cosmochimica Acta, v. 71, p. 202–218. 
 
Jolliff, B.L., Papike, J.J., and Shearer, C.K., 1986, Tourmaline as a 
recorder of pegmatite evolution: Bob Ingersoll pegmatite, Black Hills, 
South Dakota: American Mineralogist, v. 71, p. 472–500. 
 67 
 
Klemme, S., Marschall, H.R., Jacob, D.E., Prowatke, S., and Ludwig, 
T., 2011, Trace-element partitioning and boron isotope fractionation 
between white mica and tourmaline: The Canadian Mineralogist, v. 
49, no. 1, p. 165–176. 
 
Lacks, D., Goel, G., Bopp, C., Van Orman, J., Lesher, C., and 
Lundstrom, C., 2012, Isotope Fractionation by Thermal Diffusion in 
Silicate Melts: Physical Review Letters, v. 108, no. 6. 
 
Landes, K.K., 1933, Origin and classification of pegmatites. American 
Mineralogist, v. 18, p. 33-56. 
 
Lindgren, W., 1937, Succession of minerals and temperatures of 
formation in ore deposits of magmatic affiliations, American Institute 
of Mining, Metallurgical, and Petroleum Engineers, Technical 
Publication, v. 126. 
 
London, D., Morgan, G.B., and Wolf, M.B., 1996, Boron in granitic 
rocks and their contact aureoles: Reviews in Mineralogy and 
Geochemistry, v. 33, no. 1, p. 299–330. 
 
London, D., 2008, Pegmatites: Mineralogical Association of Canada, 
Québec, 347 p. 
 
London, D., 2009, The origin of primary textures in granitic pegmatites: 
The Canadian Mineralogist, v. 47, no. 4, p. 697–724. 
 
Ludwig, T., Marschall, H.R., Strandmann, von, P.A.E.P., Shabaga, 
B.M., Fayek, M., and Hawthorne, F.C., 2011, A secondary ion mass 
spectrometry (SIMS) re-evaluation of B and Li isotopic compositions 
of Cu-bearing elbaite from three global localities: Mineralogical 
Magazine, v. 75, no. 4, p. 2485–2494. 
 
Maloney, J.S., Nabelek, P.I., Sirbescu, M.-L.C., and Halama, R., 2008, 
Lithium and its isotopes in tourmaline as indicators of the 
crystallization process in the San Diego County pegmatites, 
 68 
California, USA: European Journal of Mineralogy, v. 20, no. 5, p. 
905–916. 
 
Marschall, H.R., Altherr, R., Kalt, A., and Ludwig, T., 2007, Detrital, 
metamorphic and metasomatic tourmaline in high-pressure 
metasediments from Syros (Greece): intra-grain boron isotope 
patterns determined by secondary-ion mass spectrometry: 
Contributions to Mineralogy and Petrology, v. 155, no. 6, p. 703–717. 
 
Marschall, H.R., and Jiang, S.-Y., 2011, Tourmaline Isotopes: No 
Element Left Behind: Elements, v. 7, no. 5, p. 313–319. 
 
Marschall, H.R., Korsakov, A.V., Luvizotto, G.L., Nasdala, L., and 
Ludwig, T., 2009, On the occurrence and boron isotopic composition 
of tourmaline in (ultra)high-pressure metamorphic rocks: Journal of 
the Geological Society, v. 166, no. 4, p. 811–823. 
 
McDonough WF, Rudnick RL, Dalpé C, Tomascak PB, Zack T., 2001, 
Li isotopes as a tracer of Earth processes, EOS Transations, 
American Geophysical Union. 
 
Morgan VI, G.B., and London, D., 1999, Crystallization of the Little 
Three layered pegmatite-aplite dike, Ramona District, California: 
Contributions to Mineralogy and Petrology, v. 136, no. 4, p. 310–330. 
 
Mysen, B.O., and Richet, P., 2005, Silicate Glasses and Melts: 
Properties and Structure: Elsevier, 544 p. 
 
Nabelek, P.I., Russ-Nabelek, C., and Haeussler, G.T., 1992, Stable 
isotope evidence for the petrogenesis and fluid evolution in the 
Proterozoic Harney Peak leucogranite, Black Hills, South Dakota: 
Geochimica et Cosmochimica Acta, v. 56, no. 1, p. 403–417. 
 
Nabelek, P.I., and Bartlett, C.D., 1998, Petrologic and geochemical links 
between the post-collisional Proterozoic Harney Peak leucogranite, 
South Dakota, USA, and its source rocks: Lithos, v. 45, no. 1–4, p. 
71–85. 
 69 
 
Nabelek, P.I., Whittington, A.G., and Sirbescu, M., 2010, The role of 
H2O in rapid emplacement and crystallization of granite pegmatites: 
resolving the paradox of large crystals in highly undercooled melts: 
Contributions to Mineralogy and Petrology, v. 160, no. 3, p. 313–325. 
 
Norton, J.J., and Redden, J.A., 1990, Relations of zoned pegmatites to 
other pegmatites, granite, and metamorphic rocks in the southern 
Black Hills, South Dakota: American Mineralogist, v. 75, no. 5-6, p. 
631–655. 
 
Parkinson, I.J., Hammond, S.J., James, R.H., and Rogers, N.W., 2007, 
High-temperature lithium isotope fractionation: Insights from lithium 
isotope diffusion in magmatic systems: Earth and Planetary Science 
Letters, v. 257, no. 3–4, p. 609–621. 
 
Qi, H.P., Taylor, P.D.P., Berglund, M., Be Bievre, P., 1997, Calibrated 
measurements of the isotopic composition and atomic weight of the 
natural Li isotopic reference material IRMM-016. International 
Journal of Mass Spectrometry, v. 171, p. 263-268. 
 
Redden, J.A., Peterman, Z.E., Zartman, R.E., DeWitt, E., 1990. U–Th–
Pb zircon and monazite ages and preliminary interpretation of the 
tectonic development of Precambrian rocks in the Black Hills. In: 
Lewry, J.F., Stauffer, M.R. (Eds.), The Early Proterozoic Trans– 
Hudson Orogen of North America. Geol. Assoc. Canada Spec. Paper 
37, 229–251. 
 
Richter, F.M., Davis, A.M., DePaolo, D.J., and Watson, E.B., 2003, 
Isotope fractionation by chemical diffusion between molten basalt 
and rhyolite: Geochimica et Cosmochimica Acta, v. 67, no. 20, p. 
3905–3923. 
 
Shearer, C.K., Papike, J.J., and Jolliff, B.L., 1992, Petrogenetic links 
among granites and pegmatites in the Harney Peak rare-element 
granite-pegmatite system, Black Hills, South Dakota: The Canadian 
Mineralogist, v. 30, no. 3, p. 785–809. 
 70 
 
Staatz, M.H., Murata, K.J., and Glass, J.J., 1955, Variation of 
composition and physical properties of tourmaline with its position in 
the pegmatite: The American Mineralogist, v. 40, no. 9/10, p. 780–
804. 
 
Teng, F.Z., McDonough, W.F., Rudnick, R.L., Dalpé, C., Tomascak, 
P.B., Chappell, B.W., and Gao, S., 2004, Lithium isotopic 
composition and concentration of the upper continental crust: 
Geochimica et Cosmochimica Acta, v. 68, no. 20, p. 4167–4178. 
 
Teng, F.-Z., McDonough, W.F., Rudnick, R.L., and Walker, R.J., 2006a, 
Diffusion-driven extreme lithium isotopic fractionation in country 
rocks of the Tin Mountain pegmatite: Earth and Planetary Science 
Letters, v. 243, no. 3-4, p. 701–710. 
 
Teng, F.-Z., McDonough, W.F., Rudnick, R.L., Walker, R.J., and 
Sirbescu, M., 2006b, Lithium isotopic systematics of granites and 
pegmatites from the Black Hills, South Dakota: American 
Mineralogist, v. 91, no. 10, p. 1488–1498. 
 
Tomascak, B, P., Lynton, J, S., Walker, J, R., Krogstad, and J, E., 
1995, Li isotope geochemistry of the Tin Mountain pegmatite, Black 
Hills, South Dakota, in Brown, M. and Piccoli, P.M. eds. U.S. 
Geological Survey Circular, p. 151–152. 
 
Tomascak, P.B., Tera, F., Helz, R.T., and Walker, R.J., 1999, The 
absence of lithium isotope fractionation during basalt differentiation: 
New measurements by multi-collector sector ICP-MS: Geochimica et 
Cosmochimica Acta, v. 63, p. 907-910. 
 
Tomascak, P.B., 2004, Developments in the Understanding and 
Application of Lithium Isotopes in the Earth and Planetary Sciences: 
Reviews in Mineralogy and Geochemistry, v. 55, no. 1, p. 153–195. 
 
Uchikawa, J., and Zeebe, R.E., 2010, Examining possible effects of 
seawater pH decline on foraminiferal stable isotopes during the 
 71 
Paleocene-Eocene Thermal Maximum: Paleoceanography, v. 25, no. 
2, p. PA2216. 
 
van Hinsberg, V.J., Schumacher, J.C., Kearns, S., Mason, P.R.D., and 
Franz, G., 2006, Hourglass sector zoning in metamorphic tourmaline 
and resultant major and trace-element fractionation: American 
Mineralogist, v. 91, no. 5-6, p. 717–728. 
 
van Hinsberg, V.J., and Schumacher, J.C., 2006, Intersector element 
partitioning in tourmaline: a potentially powerful single crystal 
thermometer: Contributions to Mineralogy and Petrology, v. 153, no. 
3, p. 289–301. 
 
van Hinsberg, V.J., 2011, Preliminary experimental data on trace-
element partitioning between tourmaline and silicate melt: The 
Canadian Mineralogist, v. 49, no. 1, p. 153–163. 
 
Wagner, C. and Deloule, E., 2007, Behaviour of Li and its isotopes 
during metasomatism of French Massif Central lherzolites, 
Geochimica et Cosmochimica Acta, v. 71, p. 4279–4296. 
 
Watson, E.B., and Liang, Y., 1995, A simple model for sector zoning in 
slowly grown crystals; implications for growth rate and lattice 
diffusion, with emphasis on accessory minerals in crustal rocks: 
American Mineralogist, v. 80, no. 11-12, p. 1179–1187. 
 
Webber, K.L., Simmons, W.B., Falster, A.U., and Foord, E.E., 1999, 
Cooling rates and crystallization dynamics of shallow level 
pegmatite-aplite dikes, San Diego County, California: American 
Mineralogist, v. 84, no. 5-6, p. 708–717. 
 
Webster, J.D., Holloway, J.R., Hervig, R.L.,1989, Partitioning of 
lithophile trace elements between H2O and H2O + CO2 fluids and 
topaz rhyolites, Econ. Geol., v. 84, p. 116-134. 
 
Wenger, M., and Armbruster, T., 1991, Crystal chemistry of lithium; 
oxygen coordination and bonding: European Journal of Mineralogy, 
v. 3, no. 2, p. 387–399. 
 72 
 
Weyer, S., and Seitz, H.M., 2012, Coupled lithium- and iron isotope 
fractionation during magmatic differentiation: Chemical Geology, v. 
294-295, p. 42–50. 
 
Wunder, B., Meixner, A., Romer, R.L., Feenstra, A., Schettler, G., and 
Heinrich, W., 2007, Lithium isotope fractionation between Li-bearing 
staurolite, Li-mica and aqueous fluids: An experimental study: 
Chemical Geology, v. 238, no. 3–4, p. 277–290. 
 
